Abstract. A series of tunable fluorophores combining the pyrene nucleus and the 2,2 -bipyridine ligand unit are presented. They were designed to display luminescence tuning upon metal ion complexation. The effects are strongly affected by the nature of the covalent bridge linking the two subunits. The intensity, the color, but also the lifetime of the luminescence emission are features that can be finely modulated depending on the molecular structure, the nature of the solvent and the metal cation. This approach provides accesss to a new class of photosensitive receptors for applications in chemosensing, optoelectronic, or solar energy storage and conversion.
INTRODUCTION
Since the pioneering work of Auguste Laurent, who in the mid-19th century reported the first isolation of pyrene from coal tar [1] , this polycyclic aromatic hydrocarbon has been the subject of tremendous investigation, and still remains a chromophore of choice in fundamental and applied research areas as diverse as organic chemistry, chemical physics, material science, biology, electroluminescence, fluorescent labelling, electrophotography, etc. Indeed pyrene and its derivatives combine a large series of convenient attributes, such as easiness of preparation and purification, high molar extinction coefficients above 300 nm, high fluorescence quantum yields in most media, long-lived lowest excited singlet state in deoxygenated solvents, photochemical inertness under classical experimental conditions, and versatile redox properties. The pyrene chromophore hence attracted much interest in the field of supramolecular chemistry as fluorogenic unit to be incorporated into photoactive systems endowed with molecular recognition properties [2, 3] . The design and synthesis of such systems operating signal tranduction upon an external stimulus is of paramount importance for the development of functional molecular-scale devices for information processing, storage and transport [2] . Particularly, photosensitive molecular receptors, combining an aromatic fluorophore as reporter moiety and a binding unit functioning as a recognition site, were shown to act as tunable fluorogenic multi-component systems whose fluorescence output is highly sensitive to chemical inputs, such as proton or metal ion concentration jumps [3, 4] . Chemosensing or optical switching represent tremendously exciting applications [2] [3] [4] .
In this contribution, we focus on the research effort we have been pursuing for the last five years on the investigation of supramolecular receptors specifically designed to display fluorescence tunability upon binding of transition metal ions. This paper is devoted to that class of ligands in which the pyrene chromophore is covalently tethered to the 2,2 -bipyridine (bpy) subunit. Indeed they are well-suited for the complexation of divalent transition-metal ions [5] . Interestingly, they also enable the generation of polychromophoric pyrene-Ru(II) structures with outstanding photophysical properties owing to the peculiar spectroscopic features of pyrene.
PYRENE-BIPYRIDINE LIGANDS CONNECTED BY A FLEXIBLE LINK
We have synthesized and investigated a series of pyrene-tethered ligand systems containing one, two, and three bpy moieties, such as the compounds 1, 2, and 3, respectively [6] [7] [8] . These molecules share in common the fact that the pyrene chromophore retains its photophysical indentity in the free ligands. Indeed the data for the monochromophoric bidentate ligand 1 [9] (Table 1) indicate the absence of any significant interaction between pyrene and bpy termini in both the ground and excited states, compound 1 displaying the typical behavior of alkyl-substituted pyrene derivatives, as compared to the reference compound 1-ethylpyrene. In contrast, the photophysical properties of compounds 1-3 are dramatically altered by the binding of metal cations to the nitrogen atoms of the bidentate bpy ligand unit. While the addition of one equivalent of inherently quenching transition metal ions, such as copper(II) for example, induces the expected fluorescence intensity decrease, the same effect was also observed when the closed-shell divalent zinc ion was used.
Under the same conditions, the fluorescence of the reference chromophore 1-ethyl-pyrene was unchanged. bpy fragments upon complexation of the hard Lewis acid zinc(II) [7] . Accordingly, an intramolecular photoinduced electron transfer (PET) process was proposed to account for the quantitative fluorescence quenching of the photoexcited pyrene nucleus by the zinc(II)-containing moiety. Therefore, the pyrene-bpy interaction, silent in the free ligand, becomes effective in the metal complex, which leads to effective ON/OFF fluorescence switching. Actually this behavior is reminiscent of the work by A. P. de Silva which reported the use of a related anthracene-appended bpy ligand for the generation of optical switching devices [3] . These systems appear particularly interesting to construct multichromophoric assemblies allowing to study the photophysical interplay between pyrene and [Ru(bpy) 3 ] 2+ subunits. Indeed, recent work has shown that among the number of [Ru(bpy) 3 ] 2+ -incorporating dyads bearing a pendant polycyclic aromatic moiety, those based on the pyrene chromophore were of particular interest due to the quasi isoenergetic position of the triplet excited state of the metal complex and the pyrene. This feature is unique as it allows triplet electronic energy transfer to take place efficiently between the two partners, the result of which being a dramatic extension of the triplet lifetime of the[Ru(bpy) 3 ] 2+ chromophore [11] . This led us to synthesize the ruthenium(II) species based on the ligands 1-3. For the 1-Ru complex, Table 1 shows that selective excitation of either the pyrene or the [Ru(bpy) 3 ] 2+ chromophore is feasible. Actually fluorescence emisssion from the aromatic pyrene chromophore was found to be quenched efficiently, and a long-lived 3 MLCT emission (τ = 10.5 µs) was observed, irrespective of the excitation wavelength. The lifetime value much exceeds that of the parent complex [Ru(bpy) 3 ] 2+ , a 10-fold prolongation being noticed. This effect is probably due to the high conformational flexibility of the oxygen atomcontaining chain, which has been shown to allow a close end-to-end approach between termini during in excitedstate bichromophoric systems [12] . Of special interest was compound 3 as it enabled the generation of a Ru(II) tris(bipyridine) hemicage complex exhibiting a significant long-lived 3 MLCT emission with a lifetime value of 2.1 µs [13] .
PYRENE-2,2 -BIPYRIDINE CONJUGATED MOLECULAR RODS
The design and synthesis of molecular systems in which the fluorophore and receptor moieties are rigidly con- nected by a conjugated bridge represent a promising approach toward rod-like multicomponent molecules with well-defined shape and length. In such systems, high degree of electronic communication may be ensured, which provides for geometrically controlled, efficient intramolecular charge and/or electronic excitation transport properties [14] at the molecular level. With this in mind, we directed our research effort toward the generation of molecular rods in which the pyrene and bpy terminal units are linked by a conjugated bridge. Two prototypical systems are presented therein. In compound 4, the bridge is a single C − C bond [15] , whereas in compound 5, the spacer is a pphenylene-ethynylene group [16] . In the latter, the presence of the 2,5-dialkyloxy-1,4-phenylene aromatic moiety was also anticipated to endow compound 5 with improved solubility. Actually, the outstanding potential of such rodlike ligands as photoactive molecular systems has been reported in literature [17, 18] .
The photophysical data for compounds 4 and 5 are collected in Table 2 . They show the strong influence of the conjugated bridge on the electronic absorption and fluorescence emission features of the free ligands relative to the non-conjugated systems (Table 1) . Compound 5, with an extended conjugation in the ground and excited states, exhibits broad, red-shifted absorption and fluorescence spectra as compared to those obtained for 4. Actually, it was shown that the fluorescence emission in the latter was dependent on the polarity of the solvent, and appeared to originate from intermixing forbidden 1 L b and allowed 1 L a states. The extent of electronic intermixing was connected to the angular torsion angle value around the C − C bond between pyrene and bpy moieties [19] . In compound 5 however, stabilization of the 1 L a state is much more effective, thereby leading to high values of the fluorescence quantum yields and lifetimes that were found to be insensitive to the nature of the solvent.
Remarkably, a spectacular modulation of emission wavelengths can be attained by the addition of metal ions, such as Zinc(II), to solutions of ligand 5. A shift of approximately 140 nm is observed upon addition of Zn 2+ ions to ligand 5 in THF, yielding an intense orange emission. Furthermore the fluorescence emission maximum of the isolated 1 : 1 5-Zn complex was shown to undergo a dramatic solvatochromic shift, which is typical of donor/acceptor molecules having a highly polar excited state. Indeed, the terminal bpy ligand bound to zinc(II) in the complex 5-Zn becomes a strong electron withdrawing group , which promotes intramolecular charge transfer (ICT) state formation. From the dependence of the fluorescence emission maximum upon solvant polarity, a value greater than 25 D was obtained for the excited-state dipole moment of the ICT state in 5-Zn.
The conjugated rods are also considerably attractive as ligand building-blocks for the generation of photoactive ruthenium(II) species. This was demonstrated in the case of compound 4 [18] , leading to considerable prolongation of the MLCT excited state of the [Ru(bpy) 3 ] 2+ chromophore. The study of ruthenium(II) complexes of ligand 5 and related systems is currently the subject of intense investigation.
CONCLUSION AND OUTLOOKS
This accounts was intended to describe the complexation and spectroscopic behavior of a selected series of pyrene-bipyridine systems, and to show the variety of photophysical responses that can be triggered by metal ion complexation. Indeed these compounds represent highly emissive tunable fluorophores which can serve as promising systems with versatile optical properties desirable for molecular photonic materials, particularly light-emitting devices. Conjugated molecular rods appear especially appealing as they display intense visible emission upon excitation at long wavelengths (> 400 nm), and allow the generation of metal ion complexes with remarkable spectroscopic signatures, such as long-lived luminescence in the case of ruthenium(II) complexes. These features might provide new opportunities in the fields of luminescence-based chemosensing, luminogenic assays, or photochemical conversion and storage of solar energy.
